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Abstract This paper presents a feasibility study to deter-
mine if the health condition of Insulated Rail Joints (IRJs)
can be assessed by examining their dynamic response to
impact excitation. First, a reference dynamic behavior is
defined in the frequency domain of 50-1200 Hz based
on field hammer test measurements performed on a IRJ
baseline (i.e., a set of IRJ without visible damage). Then,
measurements on IRJs with different damage states are
compared to the IRJ baseline response via the frequency
response function (FRF) based statistical method. Three
cases of IRJs are analyzed: a IRJ with a broken fastening,
a IRJ with a damaged insulation layer and a IRJ with a
rail top with plastic deformation. Combining hammer test
measurements, hardness measurements and pictures of the
IRJs, two frequency bands were identified as characteris-
tic for damaged IRJs. In the identified high frequency band
(1000-1150 Hz), the measured dynamic response with both
a vehicle-borne health monitoring system and hammer tests
shows a clear difference between the damaged IRJs and the
IRJ baseline. Furthermore, different damage types may be
able to be identified by examining the dynamic responses
in the identified mid-frequency band (420-600 Hz). Further
analysis over a larger number of IRJs may complete and
support the promising results so that the information can be
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Introduction
Insulated Rail Joints (IRJs) are railway track components
where impact and high dynamic wheel-rail contact forces
occur due to the rail discontinuity, see an example of an IRJ
in Fig. 1. The frequent high impacts reduce up to five times
the service life of IRJs with respect to continuously welded
rails [1]. Although other methods to connect rails are more
economical to maintain, IRJs are still needed because they
are a fundamental component of non-GPS-based train posi-
tioning systems. In those systems, the railway network is
divided into electrically insulated sections defined between
IRJs so that sections can be “occupied” by a train (red light)
or “free” of trains (green light). Thus, IRJs are safety-critical
components because its malfunction can lead to failures of
the signaling system and originate accidents. The timely
monitoring of the health condition of IRJs is important
because a significant number of the track circuit failures are
originated at IRJs [2]; thus contributing considerably to the
number of rail replacements [3]. Preventive maintenance of
IRJs can improve safety and reduce the expensive costs of
complete renewal of IRJs. Yet there is still no effective con-
dition monitoring methods for assessment of the dynamic
performance of IRJs. Monitoring methods have different
advantages and disadvantages. Ultrasonic measurements
work for deep cracks, whereas video image cannot cap-
ture invisible damage. In addition, some methods are labor
intensive and often unsafe (e.g., bolt torque checking at the
site). Hence, research oriented to the automatic monitor-
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Fig. 1 Insulated rail joint and its components
ing of railway tracks conditions is important to improve the
monitoring of the entire IRJ system and reduce costs.
Research conducted to understand the wheel-IRJ
dynamic interaction can be employed to better understand
the degradation of IRJs, so their service life can be extended
with a timely maintenance. Many studies have approached
the problem from the numerical point of view. Contrary
to field measurements, the advantage of modeling is the
flexibility to investigate the influence of different parame-
ters under controlled simulations. There are different factors
influencing the degradation of IRJs. For instance, regarding
the vehicle, higher speed and higher axle loads acceler-
ate the degradation of IRJ [3]. With respect to the track,
higher wheel-rail impact forces occur with increasing mis-
alignment between the rail ends [4–6], stiffer railpads [7],
increasing deflection between the two rails [8–11, 43] and
smaller Young’s modulus of the end-post [12]. These studies
have given an insight into the wheel-IRJ interaction. How-
ever, the disadvantage of the numerical approach is that the
results are limited to the applicability of the models. The
vehicle/wheel-IRJ/track interaction is a complex system. In
many of the existing models, simplifications are made when
representing the track, such as not accounting for the con-
tact between rail and plates [3, 8, 12, 13] or simplifying
the track to only one rail section [4, 6]. However, little
is known about the consequences of these simplifications
because, until recently, few measurements were available
for the validation of IRJ models.
During the last years, different research groups have per-
formed field measurements at IRJs. With those results, a
better understanding of the wheel-rail contact forces and
track displacements was obtained. In [14], the main focus
was on quantifying the differences between straight tracks
and IRJs; whereas the differences between different IRJ
types is presented in [15]. The degradation of IRJs has
been investigated by extensive field monitoring combining
visual analysis with either settlement measurements in [16]
or geometry measurements in [2]. Further useful informa-
tion can be obtained from the analysis of degraded IRJs.
For instance, characteristic frequencies related to the deteri-
oration of IRJs could be derived, which might be employed
for assessment and automatic monitoring of the health
condition of IRJs.
In this paper, an experimental investigation of the verti-
cal dynamic behavior of IRJs is presented. The contributions
of this paper are threefold: (1) to gain a better insight
into the dynamic behavior of IRJs so that the complex
vehicle/wheel-IRJ/track system can be analized on a solid
base, (2) to provide a measured nominal state that can be
used for validation of numerical models of tracks with IRJs,
and (3) to study the feasibility to assess the health con-
dition of IRJs by examining their dynamic response via a
frequency response function (FRF) based statistical method.
For this purpose, field hammer test measurements have been
performed at different IRJs with two hammer sizes so that
a wide frequency range is covered. First, an IRJ baseline
state is determined and a reference dynamic behavior is
defined. Then, IRJs with different damage conditions are
compared to the IRJ baseline state via the FRF-based sta-
tistical method. The investigation is complemented with
hardness measurements of the rail top, visual inspection
(i.e. pictures) and dynamic-response-based vehicle-borne
measurements (i.e. from an Axle Box Acceleration (ABA)
system).
Field Measurements at IRJs
Characterizing the Dynamics of the Railway Track
by Hammer Test Measurements
In railway engineering, hammer test measurements have
been used for two main purposes. First, the dynamic behav-
ior of the track or track components can be characterized
and insight can be gained by examining the frequency
response function obtained [17–19]. Second, parameters
of the track that are difficult to directly measure but are
required for modeling, can be derived. These parameters are
usually the stiffness and damping of the railpad, which is the
resilient component between the rail and the sleeper, and the
stiffness and damping of the ballast, which is the stone bed
of the track (see the components in Fig. 1). The operational
and environmental conditions can cause the ballast stones
to become loose and to deteriorate the railpads, resulting
in lower stiffness and damping values than the nominal
values [18]. The in-service parameters of the railpad and
ballast are typically derived by numerically reproducing
the response of the track to impact excitation (i.e. hammer
test) [20–22].
Different hammer and hammer tip types are used depend-
ing on the frequency range of interest. The low frequencies
are investigated with heavy hammers and soft tips, whereas
the high frequencies are analyzed with light hammers and
hard tips [23]. In this paper, two hammer sizes have been
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Fig. 2 (a) Measured receptance functions with small and big hammer and their overlap, and field hammer test measurements with (b) the small
hammer and (c) the big hammer
used. For the high frequency, a Brue¨l & Kjær 8206 ham-
mer and a hard plastic tip of 12 mm is used [24] (called
the small hammer). For the low frequency, a 086D50 ICP
impact hammer with a plastic tip of 76 mm is employed [25]
(called the big hammer). A hard tip, yet softer that the tip of
the small hammer, is used in the big hammer so that the fre-
quency ranges of the two hammers overlap (see Fig. 2(a)).
As a result, the frequency range is defined between 50 and
3000 Hz, which includes the frequencies of interest [8, 9].
The low frequency limit is fixed at 50 Hz because the big
hammer is not able to fully excite the ballast and subgrade
which are the track components that dominate the dynamic
behavior of the track at low frequency [26]. The high fre-
quency limit is determined at 3 kHz because reliable data
can be obtained up to 3 kHz with the small hammer (i.e. -10
dB drop at approximately 3 kHz) [23]. A hammer test with
the small hammer and one with the big hammer are shown
in Figs. 2(b) and (c) respectively.
In the field hammer test measurements presented in this
paper, the same procedure was followed for all the tests. A
rail section was vertically excited on the top multiple times
Fi(t) and the response was measured with an uni-directional
accelerometer that was placed on the rail top with a magnet,
ai(t), see a schematic representation of an example in Fig. 3.
The input and output data were recorded with a sampling
frequency of 20 kHz.
The excitation and measurement locations were the same
for hammer tests carried out with the small hammer. Four
configurations were investigated, which corresponded to the
Fig. 3 An schematic drawing of the hammer test measurements on a
IRJ for the configuration P2
rail above the four bolts. If the bolts are numbered from
one to four in the direction of the traffic, the excitation con-
figurations are called P1, P2, P3 and P4 respectively from
now on. As an example, the P2 configuration for the impact
i is shown schematically in Fig. 3. When performing the
hammer test measurements with the big hammer, the rail
could not be both excited and measured above a certain
bolt because of the 76 mm diameter of the hammer, which
covers almost half of the 200 mm distance between two
bolts of the same half. Therefore, it was decided to mea-
sure on the rail top above the bolt of interest and excite
the rail between the two bolts of that half of the IRJ. For
instance, the rail was excited between the first and the sec-
ond bolts and the response was measured above the first bolt
for the P1 configuration and above the second bolt for the
P2 configuration.
The post-processing of the measured data is schemati-
cally shown in Fig. 4. In each configuration, five impacts
were applied and measured both force and acceleration
(input and output, respectively). By matching the maxi-
mum force values of the five impacts (time shift τi), the
average force and acceleration (F(t) and a(t), respectively)
were used to reduce the random error. In the case the aver-
aged measured signals were shorter than 1.2 s, zeros were
added to the signal so that a better frequency resolution was
obtained in the frequency domain. Also, a low-pass filter
with the cut-off frequency of 10 kHz was applied to avoid
aliasing. The transformation into the frequency domain was
performed by Fast Fourier Transform with a rectangular
window of 1000 measurement point wide. The accelerance
function Ha(f ) was calculated as follows:
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Fig. 4 Post-processing
procedure of the measured data
where SaF is the cross-spectrum between the force and
the acceleration, and SFF the autospectrum of the force.
In this manner, the effect of the noise was minimized at
the output [27]. Then, the receptance function Hd(f ) was
calculated as follows:
Hd(f ) = Ha(f )
(2πf )2
(2)
where f is frequency. The measured receptance functions
show the response of IRJs for vibrations in terms of dis-
placement over force as a function of vibration frequencies.
From the receptance function, characteristic frequencies
of IRJs can be identified at the resonances and antires-
onance by analyzing peaks and dips, respectively. Also,
the receptance function provides a way of comparing IRJs.
Significant differences in characteristic frequencies indi-
cate differences in the structure of the IRJs because the
dynamic response of the track is the result of the dynamic
behavior of its components and the interaction between
them.
Obtaining Information About the Wheel-Rail Contact
Forces from Hardness Measurements
Performing hardness measurements of the rail top is an indi-
rect way of obtaining information about the impact and
dynamic contact forces between the wheel and the rail.
Hardness is a time variable phenomenon so that each pas-
sage of wheel would change the hardness distribution on
the rail top. However, in the case of IRJs, wheel-rail impact
always occurs after the wheel passage over the gap; there-
fore, the wheel-rail dynamics are excited very similarly each
time. If the wheel-rail contact forces are high enough to
cause plastic deformation, a permanent wave pattern may
develop at a dominant frequency of the wheel-rail interac-
tion. Consequently, even higher wheel-rail contact forces
would occur [9]. Under these conditions, the deterioration of
the IRJ would accelerate and the service life would shorten.
Thus, an IRJ with a hardness wave pattern on the rail top
after the gap means that the IRJ is already captured in an
accelerated deterioration process.
In the field monitoring presented in this paper, the hard-
ness of the rail top was measured every 5 mm along three
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lines in the running band, in the cases in which the wave-
length were not visible. The middle line is approximately in
the middle of the running band, whose position varied for
the different IRJs. The inner and outer lines are separated
5 mm from the middle line. A DynMIC 34247 was used
in combination with a self-developed ruler-guide as shown
in Fig. 5(a). An example of the three hardness measure-
ment lines denoted by inner, middle and outer is shown in
Fig. 5(b).
Track Site
The field measurements were performed at the Weert-
Eindhoven main line in the Netherlands. Approximately
85 % of the traffic is for passenger transport with two dou-
ble deckers and two sprinters running within the hour. The
traffic at the test track site is one-directional with a maxi-
mum allowed speed of 140 km/h. In the track, UIC54 rails
with 1/40 inclination were supported by NS90 monoblock
sleepers every 0.6 m except in the proximity of IRJs. As
shown in Fig. 1, all the IRJs were supported with sleepers
to reduce the deflection of the joint. The wooden sleepers
introduce damping to the system, which helps in the absorp-
tion of vibrations caused by the impact when a wheel rolls
over the discontinuity. A set of different IRJs with the same
type of IRJ were examined along 2 km of the two adjacent
straight tracks. There was no information available about
the date when the IRJs were installed in the track. Next, a
method to determine a baseline state for IRJs is presented in
“Defining the IRJ Baseline” section.
Defining the IRJ Baseline
The IRJ baseline was defined based on a set of reference
IRJs which were combined by applying the principle of the
process-monitoring technique called control charts [28]. In
these charts, the quality of a monitored process is controlled
by limits that are based on m preliminary data via sample
mean and sample variance thus considering the variability
of the process to monitor. This concept was adapted to rail-
way tracks in [29]; the baseline was defined as an average
of hammer test measurements at locations without damage
to the naked eye. Finding a method to select reference loca-
tions with a higher certainty of their health is part of future
work.
Thus, the variability between IRJs was considered by
selecting one group of m reference IRJs without damage to
the naked eye. Responses far from the average group are
eliminated from the statistics. Then, the sample mean and













|Jˆi | − |Jˆ0|
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(4)
where, in this study, Jˆi is either the hardness (see “Hardness
Tests for the IRJ Baseline” section) or the receptance func-
tion according to equation (2) (see “Characterizing the
Dynamics of the Railway Track” by Hammer Test Measure-
ments”), for measurement i.
In this paper, 12 reference IRJs were found under the
same working conditions in the test track site and used to
define the baseline. The 12 IRJs were in-service for a max-
imum of three years. The track components did not have
visible cracks or defects and the end-post seemed to be in
a good condition (see one of the reference IRJs in Fig. 6).
Furthermore, the reference IRJs seemed to be properly sup-
ported as the stones in the neighborhood of the supporting
wooden sleepers were not white. At loosened supports, the
sleeper gains freedom of movement in the ballast bed and
consequently, the interaction between the stones and the
sleeper increases resulting in worn stones and white stone
dust. In view of the good condition of the 12 reference IRJs,
the 12 reference IRJs were considered a substantial basis for
the baseline.
(a) (b)
Fig. 5 (a) Field hardness measurement on the rail top (b) An example of the three hardness measurement lines along the rail
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Fig. 6 A reference IRJ
Hardness Tests for the IRJ Baseline
The hardness of the rail top immediately after the discon-
tinuity was measured along 120 mm for the 12 reference
IRJs forming the baseline. Figure 7 shows the average val-
ues of the three hardness measurements of each of the IRJs,
the mean hardness of the 12 reference IRJs (Rˆ0) and one
standard deviation with respect to the mean (Rˆ0 ± σˆR0).
The scatter of the hardness values is in agreement with the
hardness measurements at the beginning of the monitoring
of new IRJs presented in [2]. The mean Rˆ0 only shows the
development of a short wave pattern immediately after the
discontinuity (see the first 15 mm in Fig. 7). For further dis-
tances, the baseline is in good condition in terms of rail head
deformation.
Hammer Tests for the IRJ Baseline
Defining the reference characteristic dynamic behavior of
IRJs is not straightforward. Although the structure is sym-
metric with respect to the discontinuity, the service con-
ditions (i.e. one-direction traffic) may influence the IRJ
differentiating the dynamic behavior of the track before
and after the discontinuity. As trains always run in the
same direction on the track of this case study, only the rail
after the discontinuity is subjected to impact forces, which















Fig. 7 Measured hardness after the discontinuity: (◦) the mean hard-
ness of the IRJ baseline Rˆ0, (∗) one standard deviation with respect to
the mean (Rˆ0 ± σˆR0), and ( ) average hardness measurements of the
12 reference IRJs
may affect the track components such as the rail, the inter-
action between the rail and the connecting plates, and the
condition of the support where the rail end is supported
and the consecutive supports [14, 16]. The symmetry of
the dynamic behavior of IRJs with respect to the disconti-
nuity is studied in “Symmetry of IRJs with respect to the
discontinuity” section.
Furthermore, the IRJ is an heterogeneous structure. The
distance between the measured response, end-post and holes
may significantly influence the resulting dynamic response
of the track. The effect of the structure of the IRJ on
its dynamic behavior is investigated in “Influence of the
structure of the IRJ” section.
Symmetry of IRJs with respect to the discontinuity
The symmetry of the vertical dynamics of IRJs with respect
to the discontinuity is studied by comparing measurements
of symmetric hammer tests. The measured receptance func-
tions of the P1 and P4 configurations are shown in Fig. 8(a).
The frequency response functions differ in the frequency
ranges of 950 and 1200 Hz, and of 1700 and 3000 Hz.
The measured receptance functions of the configurations
P2 and P3 are shown in Fig. 8(b) and a different behav-
ior is observed between 1200 and 3000 Hz. These dif-
ferences between the two halves of the IRJs suggest that
the impact and high wheel-rail contact forces had already
caused some initial changes in the reference IRJs. In the
frequency range of 1200-3000 Hz, the reference IRJs are
not dynamically symmetric. The passages of wheels over
the IRJ have already caused small changes in the rail and
railpad which dominate the dynamic response of the track
in this frequency range [17, 30, 31]. Therefore, the recep-
tance function of this IRJ baseline should be limited up to
1200 Hz.
The receptance functions with the P1 and P4 config-
urations disagree on a second frequency range, which is
between 950 and 1200 Hz. A peak at 1040 Hz is seen for
the P1 configuration; in contrast, the peak is not observed
for the P4 configuration. 1040 Hz corresponds to the pin-
pin resonance frequency of the track investigated [29]. In
this mode, the rail vibrates with its nodes on the supports so
that it strongly depends on sleeper distance and rail prop-
erties [17], and also on railpad properties [21, 30]. It is
believed that the occurrence of the widespread rail defect
short pitch corrugation is directly related to the pin-pin
phenomenon [32]. In the case of the reference IRJs, the mea-
surements suggest that the high impact and contact forces
between the wheel and the rail altered the condition of the
supports immediately after the discontinuity. Thus, a base-
line receptance functions should be defined based on the
measurements carried out on the first half of the IRJ (i.e.
P1 and P2 configurations) because the impact has a smaller
Exp Mech (2015) 55:1597–1612 1603







































Fig. 8 Measured receptance functions of the baseline IRJ at different configurations: (a) ( ) the average P1 (Hˆd0 (f )), ( ) one standard
deviation with respect to the average P1 (Hˆd0 (f ) ± σˆ0(f )), and ( ) the average P4 (Hˆd0 (f )), ( ) one standard deviation with respect to the
average P4 (Hˆd0 (f ) ± σˆ0(f )) (b) ( ) the average P2 (Hˆd0 (f )), ( ) one standard deviation with respect to the average P2 (Hˆd0 (f ) ± σˆ0(f ) ),
and ( ) the average P3 (Hˆd0 (f )), ( ) one standard deviation with respect to the average P3 (Hˆd0 (f ) ± σˆ0(f ))
effect on the components of the first half than on the ones
of the second half.
In summary, it appears that the dynamic behavior of the
reference IRJs is not symmetric with respect to the discon-
tinuity. Although the structure is geometrically symmetric,
the fact that the track is one-directional leads to different
dynamic behaviors of the two ends of the rail joint. Never-
theless, in the frequency range of 50-1200 Hz the receptance
functions of the symmetric excitation configurations agree
or the differences are understood. A IRJ baseline is assumed
to be symmetric geometrically and dynamically, this is,
the P1 configuration is equivalent to the P4 configuration,
whereas the P2 configuration is equivalent to the P3 con-
figuration. For the baseline, the configurations are denoted
by the letter N instead of P. Thus, from now on, the N3 and
N4 will be used as the reference configurations based on the
P2 and P1 configurations, respectively. Thus, the baseline
receptance functions are shown in Fig. 9.
Influence of the structure of the IRJ
The influence of the structure of the IRJ on the measured
dynamics is investigated by comparing the measured recep-
tance functions of the N3 and N4 configurations. As shown
in Fig. 9, the IRJ baseline response is practically identi-
cal for frequencies lower than 500 Hz and between 900
and 1200 Hz. The subgrade, ballast and sleeper are the
track components that dominate the dynamic behavior of
the track at frequencies lower than 500 Hz [17, 26], whereas
the sleeper distance, rail and railpad mainly determine the
dynamic response of the track in the frequency range of
900 and 1200 Hz [17, 31]. Between 500 and 900 Hz, the
receptance functions of the N3 and N4 configurations are
significantly different. This difference suggests that the fre-
quency range of 500-900 Hz is related to the joint because
the two configurations have a different distance to the rail
end, the plates ends, the support and the bolt holes.
Therefore, the dynamic response depends on the excita-
tion configuration. This is generally the case in a discretely
supported track, which depends on the excitation configura-
tion when defining its characteristic behavior [20–22]. Typ-
ically, two characteristic curves are defined and are known
as the on-support and mid-span frequency response func-
tions. Numerically reproducing the on-support and mid-
span curves is a widespread method to validate track models
and to derive track parameters by fitting simulations to the
measurements. The same concept could be applied for IRJs;
this is, the N3 and N4 curves shown in Fig. 9 could be used



















Fig. 9 Measured receptance functions of the baseline IRJ: ( ) the
average N3 (Hˆd0 (f )), (–) one standard deviation with respect to the
average N3 (Hˆd0 (f ) ± σˆ0(f ) ), and ( ) the average N4 (Hˆd0 (f )),
(–) one standard deviation with respect to the average N4 (Hˆd0 (f ) ±
σˆ0(f ))
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for the validation of a reference IRJ model and for deriving
parameters of a track vibration model in the proximity of a
reference IRJ.
FRF-Based Statistical Method
For investigating damage at IRJs by analyzing the dynamic
response, we use the non-parametric time-series method
called Frequency Response Function (FRF) based statisti-
cal method [33, 34]. The method compares the structure
under study to a healthy state, in our case the IRJ base-
line, so that characteristic frequencies of damaged IRJs
may be identified. This method was successfully applied
to squats, a short wave rail surface defect, in [29]. Unlike
parametric time-series methods, non-parametric time-series
methods do not require a numerical model to fit to the
measured response; therefore, the results obtained do not
depend on the accuracy of the model to reproduce the mea-
surements. Furthermore, the deterioration state is assessed
by applying statistical tools, thus removing the subjectivity
introduced by human operators from the decision-making
process. Additionally, the FRF-based statistical method con-
siders the inherent uncertainty of the track introduced by
measurements repeatability [29] or variability of the track
(“Hammer Tests for the IRJ Baseline” section).
The FRF-based statistical method is applied in two
steps. First, FRF magnitudes are evaluated via Welch esti-
mates [35]. For the structure under study, the FRF estimate
is denoted by Hˆdu (f ) at frequency f , whereas for the
healthy structure Hˆd0 (f ) is used. Second, a binary compos-
ite hypothesis test is applied [33] so that the FRF magnitude
of the current state of the structure (|Hˆdu (f ) |) is compared
to the healthy (i.e non-damaged) structure (|Hˆd0 (f ) |).












2σˆ 20 (f )
(5)
In our case, the healthy state (|Hˆd0 (f ) |) and its vari-
ance (σˆ 20 (f )) are determined as the IRJ baseline of
“Hammer Tests for the IRJ Baseline” section. It is assumed
that the difference between the FRF estimators follows a
Gaussian distribution as suggested in [36].
The statistical test is defined to assess if the deviations
between the current state of the structure and the healthy
structure are statistically significant. For this purpose, the Z
statistic is examined according to equation (6) at the selected
α risk level, which is the probability of having a false alarm.
Z(f ) ≤ Z1− α2 (∀f ) ⇒ Healthy structure
else ⇒ Damaged structure (6)
with Z(1−α/2) designating the critical point of the standard
normal distribution at 1 − α/2.
Figure 10 shows the application of the FRF-based statis-
tical method to the IRJ baseline. The chosen α risk value
was 0.05, which implies a 5 % probability for a false alarm
to occur. For this value of α, the statistical limit Zlim is
1.96 (see equation (6)). All measurements of the baseline
are below the statistical limit Zlim (i.e. horizontal line in
Fig. 10).
Damaged IRJs
In addition to the reference IRJs, different IRJs were exam-
ined in the track site located in Weert, the Netherlands. For
the analysis, three damaged IRJs were considered. In two
of the IRJs, damage on some of the track components were
visible (Figs. 11 and 14). In the third IRJ, the only sign of
deterioration was the plastic deformation of the rail top after
the discontinuity (Fig. 17).
IRJ with a Broken Fastening
The first damaged IRJ examined had a fastening broken in
the supporting sleeper after the discontinuity, as shown in
the right close-up of Fig. 11. A broken fastening means a


















Fig. 10 Z test at the IRJ baseline with ( ) Zlim, and ( ) Zmeasurements at the reference IRJs
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Fig. 11 An insulated rail joint with the fastening broken in the
supporting sleeper after the discontinuity
relaxation of the restraints on the rail. The looseness of the
end-post was also visible at the rail foot. The end-post was
slightly thinner than the gap between the rail ends and it was
popping out (see left close-up of Fig. 11).
Hardness measurement
The wavelength of the wave pattern on the rail top seen
in Fig. 11 was quantified by the hardness measurements,
which are shown in Fig. 12. Contrary to the reference case
(Fig. 7), almost the same hardness value was measured in
the first 40 mm immediately after the discontinuity along
the three measurement lines, see Fig. 12(a). The very good
agreement between the three measurement lines for the first
wave is caused by the impact immediately after the gap
which widened the running band. The average of the three
hardness measurements shows peaks at 20 mm and 55 mm,
so that the wavelength of the wave pattern is 35 mm (see
Fig. 12(b)).
At a further distance, the agreement between the three
measurements is less evident because the running band is
narrower, which means the the stresses drop quickly out
of its center. The hardness measurement at the outer line
shows the wave pattern the clearest (see × in Fig. 12(a)).
Between 20 and 140 mm, the wavelength varies between
35 to 45 mm. The scatter of the wavelength should mainly
be due to the 5 mm interval of the hardness measurement.
This wavelength is similar to those of corrugation [20] and
of the wave pattern caused by squats [37] in the Dutch net-
work. At 140 mm, the three measurements show almost the
same hardness value, which possibly indicates the effect of
the broken fastening at 140 mm. This change in stiffness
in the structure of the IRJ caused high wheel-rail contact
forces that result in high stresses and consequently, plastic
deformation and hardening of the rail top.
The average hardness profiles of the IRJ baseline with
that of the IRJ with the broken fastening are compared up
to 120 mm after the gap in Fig. 12(b). Almost all the hard-
ness values of the IRJ with broken fastening are higher than
one standard deviation from the average. Based on this hard-
ness difference, one may assume that the IRJs forming the
baseline are relatively new with respect to the IRJ with the
broken fastening. The fluctuation of hardness value is also
significantly larger for the IRJ with the broken fastening
than for the IRJ baseline; the difference between the largest
and smallest hardness values are approximately 35 HB and
10 HB respectively. Larger varying hardness value mean
larger stresses on the rail top, which would have been caused
by larger dynamic wheel-rail contact forces. The increase in
the dynamic contact forces were induced by the deteriora-
tion of the IRJ, such as the wave pattern on the rail top and
the broken fastening.
Hammer measurement
To further investigate the dynamics of the IRJ, the hammer
test measurements were analyzed via the FRF-based statis-
tical method. The Z statistics are shown in Fig. 13. For both
N3 and N4 configurations, the Z statistics cross the statisti-
cal limit Zlim at 1040 Hz which corresponds to the pin-pin
resonance frequency of the test track site [29]. This fre-
quency may also be related to the occurrence of the wave
pattern on the rail top. The wavelength of the measured
hardness profile is between 35 and 45 mm (Fig. 12(a)),
which combined with the nominal train speed of 140
km/h, results in vibrations at the frequency range of 865–
1111 Hz.


































Fig. 12 Measured hardness after the discontinuity at the IRJ with the broken fastening (a) along the inner (◦), middle (∗) and outer lines (×)
indicated in Fig. 5(b), (b) the average of the three measurements () and the average of the IRJ baseline () from Fig. 7
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Fig. 13 Z test at the IRJ with broken fastening with ( ) Zlim, and ( ) Z at the IRJ with broken fastening
For the N4 configuration, the FRF-based statistical
method also identifies 566 Hz as a possible frequency
related to the IRJ with broken fastening. This type of dam-
age affects the interaction between the sleeper and the
rail, which is one of the dominant phenomena defining the
dynamic response of the track in the medium frequency
range [17, 21, 30, 31].
IRJ with a Damaged Insulation Layer
The second damaged IRJ examined showed a gap between
the rail ends that is significantly wider than the width of the
end post as shown in the close-up of the left in Fig. 14. Fur-
thermore, the fastening before the discontinuity was broken
as shown in the close-up of the right in Fig. 14. Notice that
in this case the traffic is from right to left. Also, the bal-
last bed in the proximity of the IRJ showed a white color,
indicating a loosened support.
IRJs are often prefabricated but this IRJ was most proba-
bly assembled in the site. Some signs of the site-assembling
were the tape that was applied at the end of the plates to
keep the insulating material between the rail and the plates,
and the extra washers on the bolts to improve the tightening
of the bolts to the plates. Moreover, extra holes were made
in the plates to fit to the existing holes in the rail. These
Fig. 14 An insulated rail joint with a damaged insulation layer
between the rail ends and a broken fastening in the supporting sleeper
before the discontinuity
indicate that the IRJ assembly underwent a major mainte-
nance. However, this maintenance action did not stop the
degradation of the IRJ and the whole IRJ should soon be
replaced to guarantee the electrical insulation between the
track sections.
Hardness measurement
The hardness measurements on the rail top are shown in
Fig. 15. In this case, the measurements were performed over
100 mm along the rail. The comparison of these hardness
profiles with the ones of the IRJ baseline shows that most of
the values are within one standard deviation from the aver-
age IRJ baseline hardness. This closeness to the baseline is
unexpected in view of the hardness measurements of the IRJ
with broken fastening in “Hardness measurement” section.
A similar or larger hardness difference was expected at the
IRJ with the damaged insulation layer compared with that
at the IRJ with the broken fastening because the damage is
more severe. However, the hardness fluctuation at the IRJ
with the damaged insulation layer is 33 % smaller. This dif-
ference may be explained by the grinding marks on the rail
top. The fact that the grinding marks were still visible and
the measured wave pattern showed the typical wavelength
after grinding of 10-20 mm [32] (see Fig. 15(b)), indicate
that the rail top was ground some time near the measurement
campaign. Thus, a layer of the rail top was most probably
removed clearing away hardened material.
Hammer measurement
The responses of the IRJ with a damaged insulation layer
and the IRJ baseline were compared via the FRF-based
statistical method. The Z statistics for the N3 and N4 con-
figurations are shown in Fig. 16(a) and (b), respectively. For
the two configurations, the Z statistic crosses the statistical
limit Zlim at approximately 380 and 1040 Hz. The crossing
at approximately 380 Hz may be related to a loosened sup-
port as the presence of white stones in the track suggests.
Bellow 500 Hz, the ballast, sleeper and their interaction
Exp Mech (2015) 55:1597–1612 1607
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Fig. 15 Measured hardness after the discontinuity at the IRJ with damaged insulation layer (a) along the inner (◦), middle (∗) and outer lines (×)
indicated in Fig. 5(b), (b) the average of the three measurements (), and the average at the IRJ baseline ()
mainly determine the dynamic response of the track [17,
26] and a gain in freedom results in a change in charac-
teristic frequencies, such as the bending modes of sleep-
ers [21]. Regarding the second possible frequency identi-
fied, it corresponds to the pin-pin resonance frequency of
1040 Hz, the same as for the IRJ with broken fastening (see
Fig. 13).
For the N3 configuration, the Z statistic is also larger
than the statistical limit Zlim approximately between 670
and 920 Hz. In this frequency range, the receptance function
has significantly higher values than the baseline receptance
function. This means that the rail vibrates with larger ampli-
tudes at these frequencies for the same input force. Thus,
one should expect larger wheel-rail vibrations immediately
after the gap when a wheel rolls over a IRJ with a damaged
insulation layer than over a good IRJ.
IRJ with Plasticity
The third damaged IRJ examined is shown in Fig. 17. Nei-
ther the track components nor the end-post seemed to be
damaged to the naked eye. The sleepers seemed to be prop-
erly supported by the ballast as the stones in the proximity
of the IRJ were not white. The only deterioration sign was
the plasticity of the rail top after the gap (see the close-up in
Fig. 17).
Hammer measurement
As the wavelength was clearly visible on the rail top,
hardness measurements were not performed for this IRJ.
Hammer test measurements, however, were carried out and
they were compared to the IRJ baseline via the FRF-based
statistical method. The corresponding Z statistics are shown
in Fig. 18. The Z statistic crosses the statistical limit Zlim
only at 470 Hz for the N3 configuration. Z values smaller
than the Z values of the other two damaged IRJ were
expected because rail top plastic deformation is a less severe
damage than a broken fastening and a damaged insulation
later. Therefore, lighter damage is closer to the baseline state
resulting in a smaller Z value.
An approximate wavelength of 34 mm was derived from
the photos (see the close-up in Fig. 17). The frequency of the
vibrations that arises when a train runs at a nominal speed of
140 km/h over this wavelength is approximately 1040 Hz,
which is a frequency identified for the other two damaged
IRJs. However, the Z statistic at 1040 Hz is below the sta-
tistical limit Zlim for the IRJ with plasticity. The absence of
this frequency indicates that the dynamic response of the IRJ
is still statistically close to the IRJ baseline response. Thus,
although the rail top is plastically deformed, the structure of
the IRJ has not changed enough for hammer tests to detect
the changes.


















Fig. 16 Z test at the IRJ with broken fastening with ( ) Zlim, and ( ) Z at the IRJ with a damaged insulation layer
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Fig. 17 An insulated rail joint with plasticity
Discussion
IRJ Baseline Response Versus Damaged IRJ Response
The damaged IRJs have two characteristic frequency bands
in common in the frequency range of 50-1200 Hz.
420-600 Hz: Between 420 and 600 Hz, the frequency
of 566 Hz is identified for the IRJ with broken fastening
and the frequency of 470 Hz is identified for the IRJ with
plastic deformation (see Figs. 13 and 18, respectively). The
IRJ with damaged insulation layer shows a characteristic
frequency at lower frequency (i.e. 380 Hz) most proba-
bly because the structural differences (i.e. different plates)
have significantly changed the characteristic frequencies of
the IRJ. Regarding the IRJ baseline, the average receptance
function shows two shallow depths at 470 and 566 Hz for
the N3 configuration (see Fig. 9). The receptance value of
these depths differ statistically for the damaged IRJs and the
IRJ baseline; the difference could be caused by the changes
in the rail, joint and support.
1000-1150 Hz: In this frequency band, the frequency of
1040 Hz has been identified via the FRF-based statistical
method (see Figs. 13 and 16). This frequency is approxi-
mately the pin-pin resonance frequency of the test track site.
Furthermore, the wavelengths on the rail tops measured with
hardness tests or pictures correspond to vibrations in this
frequency range for the nominal train speed of 140 km/h.
Table 1 Common characteristics frequency bands of the damaged
IRJs identified via the FRF-based statistical method
Damage types of IRJs 420-600 Hz 1000-1150 Hz
Broken fastening 566 Hz 1040 Hz
Damaged insulation layer - 1040 Hz
Plastic deformation 470 Hz - Hz
The identified possible characteristic frequencies of the
damaged IRJs in the two frequency bands are summa-
rized in Table 1. This analysis shows that it seems feasible
to detect some damage conditions of IRJs by analyz-
ing their frequency response. Furthermore, the comparison
between different damaged IRJs suggests that monitoring
the prominence of the dominant peak in the frequency range
1000-1150 Hz may help to predict the condition of IRJs.
In “Comparison to a Vehicle-Borne Monitoring System”
section, it is investigated if the information obtained from
the hammer test can be employed for the assessment and
monitoring of the condition of IRJs with vehicle-borne mon-
itoring systems which are based on analyzing the dynamic
behavior, such as axle box acceleration systems [38–40] and
strain-gauge-instrumented wheelsets [41].
Comparison to a Vehicle-Borne Monitoring System
The axle box acceleration (ABA) system
ABA systems consist of accelerometers mounted on axle
boxes, a GPS antenna for positioning and the recording of
the vehicle speed [38–40]. The ABA system is a monitor-
ing system that measures the response of the axle boxes
to changes in the wheel-track structure. Depending on the
origin of the response, different characteristic frequencies
(also called signature tunes) can be found in the measured
signals. Thus, by post-processing the measured accelera-
tions in combination with the position and the vehicle speed,
defects can be identified and their deterioration state can be
assessed if the characteristic frequencies are known.


















Fig. 18 Z test at the IRJ with broken fastening with ( ) Zlim, and ( ) Z at the IRJ with plasticity
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For instance, squats, which are a short wave defect on
the rail top, can be automatically detected at an early stage
by employing this method [39]. The automatic detection
of track defects can be performed by using scale averaged
wavelet power (SAWP). The SAWP measures the localized
variations of wavelet power spectrum in a certain frequency
bands and it is defined as the weighted sum of wavelet
















∣2 is the wavelet power spectrum, δj is a scale
step, δt is time step, Cδ is and empirically derived constant
for each wavelet function.
Potential to monitor IRJs
ABA systems can be a suitable monitoring system for IRJs
because impact between the wheel and the rail occur due
to the presence of the discontinuity. Furthermore, ABA sys-
tems would examine the dynamic behavior of IRJs which
changes depending on their damage state, as shown in
“Damaged IRJs” section.
To develop a dynamic-response-based vehicle-borne
monitoring system for IRJs, characteristic frequencies of
damaged IRJ are required. For this purpose, the information
obtained in this paper could be used and further completed,
if the difference in the loading of the track (i.e. presence of
a vehicle in the track) between the hammer test measure-
ments and the ABA system does not influence the frequency
bands related to damaged IRJs. The loading condition of
the track may affect the identified characteristic frequency
bands because some track components behave non-linearly
when the track is loaded [43]. Thus, in the following section
it is investigated if the frequency bands identified with the
hammer test measurements can be employed to examine
ABA signals for monitoring of IRJs.
Measured ABA signals at the damaged IRJs
The three damaged IRJs investigated were examined with an
extensively validated ABA system [39]. The SAWP of the
measured vertical ABA signals was calculated for the two
frequency bands of 420-600 Hz and 1000-1150 Hz that were
identified in the analysis of hammer test measurements. The
SAWP values are shown in Fig. 19(a) and (b), respectively.
Each figure displays the SAWP of the ABA measurements
of the three investigated damaged IRJs and the ones of the
IRJ baseline. The distance shown covers the length of the
plates, from -340 mm to 340 mm, where 0 mm is the center
of the end-post. Although the gap of the IRJ shown in the
picture in Fig. 19 is centered with respect to the supports,
the IRJ with the broken fastening and the IRJ with the dam-
aged insulation layer were not centered (see Figs. 11 and 14,
respectively).
The largest difference between the damaged IRJs and
the IRJ baseline is found in the frequency band of 1000-
1150 Hz (Fig. 19(b)). Whereas the ABA measurements at
the IRJ baseline has SAWP values lower than 0.05, the
three damaged IRJ show local maxima larger than 0.15. In
the frequency range of 420-600 Hz (Fig. 19(a)), the maxi-
mum SAWP value decreases with increasing visual damage.
This is, the largest SAWP value is obtained for the IRJ
baseline, whereas the smallest SAWP value is obtained for
the IRJ with the damaged insulation layer. By comparing
the maximum SAWP values and considering the degree of
visual damage, the IRJs can be divided into two groups (see
Table 1). In the first group, the IRJ baseline and the IRJ with
plasticity show a maximum SAWP value larger than 0.9. In


























Fig. 19 SAWP of the ABA signals along the IRJs: ( ) the average SAWP of IRJ baseline, (....) one standard deviation with respect to the
average SAWP, ( ) the IRJ with the broken fastening, ( ) the IRJ with the damaged insulation layer and ( ) the IRJ with plasticity
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Table 2 Relations between maximum SAWP values and types of
damage of IRJs
ABA measurements
Frequency band Maximum Possible damage type of IRJs
SAWP
420-600 Hz >0.9 light deterioration (e.g. plasticity
on the rail top)
<0.8 severe deterioration (e.g. broken
fastening, damaged insulation layer)
1000-1150 Hz >0.15 damaged (i.e. not-healthy)
the second group, the IRJ with a broken fastening and the
IRJ with a damaged insulation layer displayed a maximum
SAWP value lower than 0.8.
The obtained information could be employed in the
monitoring, prediction and prognosis of IRJ based on the
presented analysis (Table 2). First, the SAWP value in the
frequency band of 1000-1150 Hz could be used to detect
damaged IRJs. Next, the SAWP value in the frequency band
of 420-600 Hz could be employed for identifying the dam-
age type. In future work, a larger set of damaged IRJs should
be investigated to complete this study. With a statistically
reliable number of damaged IRJ, characteristic frequencies
of each damage type could be identified so that the damage
types and state might be pin-pointed via ABA monitoring.
In summary, the analysis of SAWP values of the ABA
measurements calculated in the frequency ranges identi-
fied from the hammer test measurements gives potentially
useful information. The study shows the potential of com-
bining these two measurements systems to contribute to the
development of IRJ condition monitoring systems.
Conclusions
A feasibility study is presented to assess if the health con-
dition of Insulated Rail Joints (IRJs) can be determined by
analyzing their response to impact excitation. The impact
excitation is performed with hammers of small and large
size and by train wheels hitting the rail at the gap. The
response was picked up by accelerometers on the rail head
for the former case, and by accelerometers on the axle
box of the train for the latter. The condition of IRJs was
investigated by comparing the vertical dynamic behavior of
damaged IRJs to a IRJ baseline response via the frequency
response function (FRF) based statistical method. For this
purpose, hammer test measurements were performed at IRJs
of different damage states and a baseline was determined
based on IRJs without visual deterioration to the naked
eye (i.e. reference IRJs). Moreover, the hardness of the rail
top immediately after the gap was measured, photos were
taken and vehicle-borne acceleration measurements were
performed.
First, the IRJ baseline response was studied. The analysis
showed that the vertical dynamic behavior of the reference
IRJs was not symmetrical to the discontinuity because the
one-directional traffic changed considerably the receptance
function at high frequency. For the case studied, the fre-
quency range in which the frequency response was almost
not changed and therefore can be used as baseline, was iden-
tified between 50 and 1200 Hz. This study also showed that
the dynamic response depends on the excitation configura-
tion; in this paper, two receptance functions obtained from
exciting the rail above the third bolt and above the fourth
bolt were used. By fitting numerical models to the measured
IRJ baseline curves, numerical IRJ models can be validated
and parameters of the track in the proximity of a reference
IRJ can be derived.
Second, three IRJs at different damage states were exam-
ined. By comparison to the IRJ baseline responses via the
FRF-based statistical method, two frequency bands related
to the damaged IRJs were derived independent of the type
of damage (i.e. 420-600 Hz and 1000-1150 Hz for the IRJs
investigated). At the highest frequency range, the identified
frequency is the pin-pin resonance of the test track site; this
phenomenon seems to fix the dominant wavelength of the
hardness wave pattern on the rail top.
The feasibility study was completed by employing the
frequency ranges derived from the hammer test to examine
vehicle-borne axle box acceleration measurements which
were performed at the same IRJs as for the hammer test.
By comparing the scale averaged wavelet powers (SAWP)
of the measured signals, it was found that the damaged IRJs
differed significantly from the reference IRJ in the identi-
fied high frequency range. In the identified mid-frequency
band, the maximum SAWP value decreased with increasing
damage; this frequency range has the potential to be used for
damage type assessment. In summary, the presented work
shows the potential to monitor and assess the condition of
IRJs by analyzing the responses to impact excited by ham-
mer or by wheels of trains hitting the gap of IRJs. The
monitoring of the dynamic response of IRJs may lead to the
diagnosis and prognosis of their condition.
To complete and support the results, the extension of the
current study to a larger set of damaged IRJs is part of future
work. Hardness measurements of the rail top should be per-
formed before and after the discontinuity because compar-
ing the two sides may help assessing the condition of IRJs.
In addition, measurements and numerical simulations could
be combined to obtain a better understanding of the dynamic
behavior of IRJs. By fitting simulations to measurements,
numerical models can be validated. Then, numerical modal
analysis can be performed to identify vibration modes and
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the influence of different parameters under controlled sim-
ulations can be investigated. Further investigation into the
vibration modes occurring in the two possible characteris-
tic frequency ranges related to IRJs may be of interest to
pin-point locations and types of damage. This information
may be useful for improved design and development of IRJs
as well as for the development of monitoring systems and
maintenance measures.
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